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1.0

Executive Summary

The objective of this document is to report the findings of the L1 Civil Signal Modernization
(L1C) Stewardship Project (Technical Project #204) to the Interagency GPS Executive Board
(IGEB) in support of policy decisions about whether or not to endorse a 4th civil signal on the
Navstar Global Positioning System (GPS). The report also provides support for decisions about
what characteristics are most important for this potential new civil GPS signal.

The IGEB funded this project in August of 2003 to provide recommendations (based both on
technical work and stakeholder feedback) on whether or not a modernized civil signal (L1C)
could and should be added at L1. Because of funding restrictions, the objectives and the results
were limited to:

1.

Determine if it would be possible, technically, to insert a new civil GPS navigation signal
at the L1 frequency in addition to the C/A code, P(Y) code, M code, and Interplex code.

=  Our technical team evaluated this issue and concluded it is possible to add L1C
while maintaining a constant transmitted signal amplitude and preserving “flex”
power control options.

Determine if a broad and representative range of civil GPS experts and users want L1C in
addition to the current C/A code.

= Based on small group presentations followed by questionnaires to centers of GPS
expertise, including U.S. government agencies, GPS equipment manufacturers,
and university departments specializing in GPS applications, 55 responses were
received from around the world. The survey result is unambiguous that L1C is
desired, even at the expense of a slight reduction in the C/A signal power.

Determine what L1C signal characteristics would be most desirable for the widest range
of user applications. In particular, two key characteristics were evaluated:

a. Modulation waveform, with the options being BOC(1,1) and BOC(5,1).
(Note: BOC(1,1) was accepted as the modulation template through EU/US
negotiations during the course of this project. At one time the Galileo team was
evaluating subtle alternatives to BOC(1,1). If a better modulation is found which
meets the EU/US agreements on signal compatibility, the U.S. should be prepared to
implement it instead of BOC(1,1). However, such a replacement would have to be
studied very carefully, justified thoroughly, and is very unlikely.)

= The survey result is clear that most experts prefer BOC(1.1) for all L1C
potential applications.

b. Message data rate and content, with the options being 25, 50, and 100+ bits per
second (bps)
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= The answer is clear, although with less unanimity, that L1C should provide a
data rate of 25 bps with no additional messages. This optimizes signal
robustness for all applications. An equal number of requests were made for
a higher data rate, although for at least three different and conflicting
requirements, not all of which could be accommodated concurrently. This
recommendation leaves differential GPS signals, integrity messages, long
duration orbit and clock parameters, or simply faster orbit and clock
parameters to other communication services, which either exist now or are
rapidly developing, and which are better suited to these specialized tasks.

Had the originally requested funding been available, this project would have next addressed
specific technical design issues in order to prepare high-level L1C signal recommendations to
guide development and documentation of L1C signal details, including:

= A proposed specific method of adding L1C to the existing suite of L1 signals

= Details of the recommended modulation waveform, e.g., BOC(1,1)

= A recommended code generation method, and recommended code lengths, for each of
the two L1C signal components

= A recommended forward error correction algorithm and additional message content if
needed

Should additional funding be made available, we recommend these follow-on actions and would
be pleased to continue our work:

= Contact all the survey respondents and additional interested parties, asking them to
review this report in order to fully validate or, if necessary, slightly modify its
conclusions

= Perform technical studies to determine how best to incorporate the L1C signal

= Review forward error correction (FEC) options to determine if changing from the
current L2C and L5 standard would be worth the potential improvement in error rate

= Propose specific code generation methods and code lengths for each L1C signal
component

= Prepare a top level signal description to enable the Interface Control Working Group
(ICWG) to develop detailed specifications

= Interact with the GPS/Galileo interoperability working groups to optimize the
worldwide civil user benefits while protecting allied military effectiveness

This IGEB Stewardship Project has been successful in establishing the feasibility, desirability,
and some of the key characteristics of an L1C signal. The processes used to reach these
conclusions included (a) assembly of a technical team to conduct analyses and then reach
conclusions during a two-day meeting at the GPS Joint Program Office (JPO), (b) public
presentations and papers that supported the overall goals of the project, answered questions, and
elicited feedback, (c) individual technical presentations to GPS experts in government agencies,
GPS companies, and at universities to obtain specific recommendations on an L1C questionnaire,
and (d) interviews with user groups to determine the benefits GPS now provides and what
improvements would be most helpful to their applications. This report documents the processes,
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the materials created, the results obtained, and the conclusions and recommendations reached, as
delineated at the beginning of this Executive Summary.

The L1C team wishes to express its thanks to the IGEB Senior Steering Group (SSG) and the
Director’s office of the IGEB Executive Secretariat for enabling this study and for guidance
during this nearly year-long effort. We also are particularly grateful for the time and effort of the
many organizations and their staff who participated in the expert group briefings and responded
with meaningful answers, comments, and suggestions. Without this volunteer work, from
around the world, the project could not have succeeded. Through it all, it was gratifying to find
clear answers to important questions about the future of GPS.

Finally, it is important to highlight the splendid working relationship between the GPS JPO and
the USGS. Both parties worked cooperatively to fully protect national security interests while
providing civil users the best possible service. This project has been an excellent example of
dual-use GPS stewardship.

2.0 Introduction

GPS is in the midst of a radical, albeit gradual, transformation. From launch of the first GPS
satellite in 1978 through all of 2003 there have been only three navigation signals on only two
frequencies. With these signals, GPS has completely changed how the world navigates.
However, over the next several years the number of navigation signals will increase from three to
seven and the number of frequencies from two to three. In addition, the new signals will have
substantially better characteristics, including a pilot carrier, much longer codes, the use of
forward error correction, and a more flexible message structure with much better resolution.
New and modern civil signals will be on L2 and on the new L5 frequency. The current GPS
modernization plan, however, leaves the L1 frequency with only the outdated C/A signal for civil
applications. With the addition of L1C, all three GPS frequencies would then provide a
modernized civil signal, completing the GPS modernization process.

There is good reason to concentrate attention on L1. Today it carries C/A, the only civil GPS
signal. In the future, even with new and modern L2 and L5 signals, L1 is expected to remain the
most important civil frequency. This is primarily because it is less affected by ionospheric
refraction error than L2 or L5. (L1 has only 61% of the L2 error and 56% of the L5 error.) This
inherent advantage relative to L2 and L5 helps motivate the basic goal of this project.

The L1C project was initiated to determine whether it would be technically possible to add L1C
to an already crowded suite of L1 signals, to determine whether GPS users could use and would
welcome L1C, and to determine what L1C characteristics would be most valuable for the
broadest range of GPS users. This report documents the activities, the presentation materials, the
processes used, the results we have obtained, and the conclusions we have reached.

Section 3.0, immediately below, reviews the Project Objectives. It recognizes that the objectives
had to be narrowed because of funding restrictions, and it defines the steps that would have been
taken next without these restrictions (or that can be taken next if funds become available).



L1C Project 4 Final Report

Section 4.0 then provides a description of the processes used to achieve these objectives. The
overview in Section 4.1 includes a review of supporting activities, including multiple
presentations, literally around the world. Section 4.2 then describes the evaluation process used
to determine whether L1C technically can be added to the other L1 signals. Section 4.3 defines
the process of reaching out to a wide range of worldwide GPS experts, defining the L1C issues
through multiple presentations to small government, industry, and academic centers, and
obtaining valuable answers and comments from the overwhelming majority. Section 4.4
describes the parallel process of interviewing many GPS users to determine how GPS is valuable
and what improvements they would most appreciate.

Section 5.0 presents and evaluates the expert interview results. Included in Section 5.1 is a
discussion of the technical evaluation of the GPS L1 signal structure to determine whether one
more signal can be added, while retaining the required characteristics of a constant amplitude
composite signal and the ability to control the allocation of power to each individual signal.
Section 5.2 reports the results from the expert surveys, statistically evaluating the source of the
responses, whether the experts support the addition of L1C, which modulation is preferred by the
experts, the apparent data rate dilemma, and how the dilemma was resolved. Section 5.3
summarizes the signal recommendations based on the expert interviews.

Section 6.0 provides an overview of user signal requirements by market segment. It then
summarizes results from informal user group interviews. Users were asked why and how GPS is
useful and important now and what improvements would be most appreciated.

Section 7.0 presents the Project Conclusions and Recommendations, and Section 8.0 offers
acknowledgements to the key participants.

This report also includes a large number of attachments. These include most of the presentation
materials used during the project. Of particular importance are:

= Attachment 6.0  Presentation given to most of the GPS experts, explains the issues
and the options

= Attachment 6.1 Questionnaire the experts were asked to return with answers and
comments

= Attachment 7.0  The 55 individual responses to the questionnaires

= Attachment 8.0 Review of user group needs and perspectives

3.0 Project Objectives

The objectives have been narrowed since this project was first proposed in August 2003. There
are two reasons for this. First, the funding was about half what had been requested, so we de-
scoped accordingly, reducing our planned level of effort on both the technical work and
stakeholder feedback work. Second, the U.S. and the European Union (EU) commenced and
recently completed negotiations about the compatibility of Galileo L1 signals with both military
and civil GPS signals. As part of these negotiations, the U.S. Department of State offered that
the U.S. would implement a new signal on L1 with BOC(1,1) modulation if Europe would do the
same on Galileo. Although there is room for both sides to deviate somewhat from this particular
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modulation, as long as the compatibility requirements are met, the specific modulation question
was no longer as important a question for this project to resolve.

Therefore, the narrowed L1C project objectives have been to:

1. Determine technical feasibility of adding another civil GPS navigation signal at the L1
frequency in addition to the C/A code, P(Y) code, M code, and Interplex code signals.

2. Determine, by means of presentations and interviews, if a broad and representative range
of civil GPS experts and users want an L1C in addition to the current C/A code.

3. Determine what L1C signal characteristics would be most desirable for the widest range
of user applications. In particular, two key characteristics were evaluated:

a. Modulation waveform, with the options being BOC(1,1) and BOC(5,1)
(Note: BOC(1,1) was chosen as the preferred modulation template through US/EU
negotiations during the course of this project, although there is room for further
evaluation and a different agreement by both parties.)

b. Message data rate and content, with the options being 25, 50, and 100+ bps

4. Prepare a high-level L1C signal specification to guide development of the signal details,
including:

A proposed method of adding L1C to the existing suite of L1 signals

A recommended modulation waveform, e.g., BOC(1,1)

Recommended code generation and code lengths for the two L1C signal components
Recommended data rate, forward error correction, and additional message content if
needed

™o a0

Objectives 1, 2 and 3 have been accomplished to the extent possible with resources available, on
time and on budget. The 4™ objective has not been realized due to limited resources. The
following section describes the methods we used to achieve the first three objectives.

4.0 Process Description

4.1 Overview

Three main activities were used to achieve the project objectives. The first was to determine the
feasibility of adding another signal to the already crowded L1 signal structure. Ever since the
start of GPS there have been two signals at L1, the C/A code and the P(Y) code, which are
transmitted in phase quadrature. A key objective has always been for the composite signal to
have a constant amplitude in order to maximize transmitter efficiency. Thus, to add the two
components of the new military M code required some clever engineering. Chip by chip
multiplexing of the M code is used to provide both a data signal component and a data-less, or
pilot carrier, signal component in a single bi-phase composite signal. To achieve a constant
transmitted signal amplitude, a fourth “Interplex” signal was then introduced. Therefore, to add
the two components of an L1C signal while maintaining a constant amplitude was seen as quite a
challenge. This activity also assessed the potential interference of L1C to legacy C/A receivers,
recognizing that full backward compatibility is essential. After considerable preliminary work, a
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two-day technical meeting was held early in the project to address L1C feasibility as well as
other issues related to design and implementation of the L1C signal (see Section 4.2).

The second activity was to obtain feedback from GPS experts around the world on whether or
not, and — if so — how best to configure an L1 modernized signal. Based on this expert input,
recommendations would be made on what specific L1C characteristics would best serve the
worldwide user base. Section 4.3 describes this process and Section 5 describes the results.

The third activity was to obtain feedback from GPS user communities about the benefits GPS
now provides and what improvements would be most helpful to their applications. We did not
expect technical guidance from these interviews, but it was important to get an overall
impression of what applications were being served, what was working well, and what type of
improvements would be most beneficial.

The following sections explain these three activities in more detail, but before that it also is
important to characterize the scope of related meetings, presentations, and papers which
supported the overall goals of this project. For example, multiple presentations were made to
inform stakeholders about the L1C Project, to answer their questions, and to elicit their feedback.
This effort began at the 42nd CGSIC meeting forum on 8 September 2003 in Portland, Oregon
(Attachment 1.0). Immediately after the CGSIC meeting the presentation was continuously
shown at the USCG NAVCEN booth throughout ION GPS-2003 and a document which
combined the presentation with a questionnaire (Attachment 1.1) was made available.
Subsequently, GPS World published an article introducing the L1C Project to the global GPS
user community (Attachment 1.2).

Additional major L1C presentations included the following, all of which are documented in
attachments to this report:

(A)  The L1C Project group technical meeting, held at the GPS JPO on 8-9 October, 2003.
Material developed for and presented at this meeting led to the GPS System Engineering
Forum (GSEF) technical review presentation on 28-29 October, 2003 in Los Angeles,
California (Attachment 2.0). See Section 4.2 of this report.

(B)  International Civil Aviation Organization (ICAO) - Air Navigation Conference (ANC),
Navigation Systems Panel (NSP); Canberra, Australia Nov. 11, 2003 (Attachments 3.0,
3.1 and 3.2). Presentations and user feedback by Taylor and Dorfler.

(C)  Meeting with the Japan GPS Council (JGPSC) stakeholder group in Tokyo, Japan on 23
January 2004 using the expert group presentation and questionnaire (Attachments 6.0 and
6.1). Presentations and user feedback by Titus and Stansell.

(D)  The International GPS Service (IGS) 10™ annual symposium; invited presentation and
poster on 3-4 March 2004 in Berne, Switzerland (Attachments 4.0 & 4.1) by Stansell.

(E)  The L1C Project presentations and stakeholder feedback sessions formed a prominent
part of the IEEE PLANS conference special session on GPS Modernization on 28 April
2004 at Monterey, California (Attachments 5.1 & 5.2). Presentations and user feedback
by Hudnut and Stansell.

We also expect to present our findings at upcoming meetings of the CGSIC, the ION, and other
groups during the upcoming year, as requested and as opportunities arise.
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A summary and chronology of L1C project presentations and meetings is given in Table 4.1.

4.2

Table 4.1 - Chronology of L1C Project Presentations and Meetings:

Date Event
7 August 2003 Joint L1C team planning meeting (at GPS JPO)
28 August Joint L1C team planning meeting (at GPS JPO) w/ D. Turner

3 September

Joint meeting with Aerospace for GPS III briefing (at GPS JPO)

5 September

Meeting re. L1C Project with Mr. Mike Shaw (at GPS JPO)

5 Sept. (late a.m.)

Meeting with Aerospace experts on worst case aggregate global
interference calculations (at GPS JPO)

8 September

CGSIC 42" Meeting: L1C presentation and participation in
panel open forum; Mr. Hank Skalski, chairman (Portland)
http://www.navcen.uscg.gov/cgsic/meetings/default.htm

10-12 September

ION Meeting L1C display at USCG NAVCEN booth

23 September

Civil IFOR meeting; Mr. Hank Skalski, chairman (DC)

24 September

L1C core group strategy & planning meeting (at GPS JPO)

8-9 October

L1C Project — Initial Technical Meeting (at GPS JPO)

20 October

L1C user meeting with Larry Young, NASA/JPL (at USGS)

28-29 October

GSEF Meeting presentation (at ARINC)

11 November

ICAO ANC NSP, Canberra, Australia

23 January L1C Meeting with JGPSC, Tokyo, Japan

3-4 March LIE Presentation & Poster at International GPS Service (IGS)
10" Annual Meeting, Berne, Switzerland

10 March CGSIC 43" Mtg.: L1C Presentation (Hothem); Arlington, VA
http://www.navcen.uscg.gov/cgsic/meetings/default.htm

20 April Joint team progress review meeting (at GPS JPO)

22 April L1C Present.ation at ION Southern Cglifomia Section
http://www.ion.org/sections/southcalifornia.cfm
L1C Presentation and Group Interview at IEEE PLANS, session

28 April and forum on GPS Modernization, Monterey, California --- all
presentations available at http://www.igeb.gov/outreach/

29 June Joint team progress review meeting (at GPS JPO)

20-21 Sept. CGSIC Long Beach, CA --- Invited --- L1C Project Final Report

(will speak and be an open forum panel participant)

Technical Feasibility Determination

The L1 frequency now carries two GPS signals, C/A and P(Y). Beginning in 2005, [IR-M
satellites will be launched with two additional signals on L1, M code and the Interplex code
which is there only to maintain a constant transmitter signal amplitude. Another important
requirement on all new satellites is “flex power”, the ability to command a relative power
increase or decrease on any of the signal components. With the existing signals and the

constraints of constant amplitude and flex power, adding yet another L1 signal could be difficult

at best. Therefore, the initial question was whether adding L1C technically was feasible.
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To address this question, a team of GPS signal experts was engaged. The technical team
included: Dr. John Betz of MITRE; Dr. Charles Cahn, consultant to Aerospace; Dr. Phil Dafesh
of Aerospace; Dr. Chris Hegarty of MITRE; Karl Kovach of ARINC; Rich Keegan, GPS
industry consultant; and Tom Stansell of Stansell Consulting. After a period of analytical work,
preparation of documents, exchange of information, preliminary meetings, etc., a two-day
meeting was held on October 8-9, 2003 at the GPS JPO. The L1C Project co-leaders Dr. Ken
Hudnut of USGS and 1Lt Bryan Titus of the GPS JPO chaired the meeting and 2Lt Jason Taylor
also participated. The meeting was focused on whether or not L1C could be added and if so how
best to do so.

4.3 Expert Presentations and Questionnaires

As stated in Section 4.1, the second key activity was to obtain feedback from GPS experts
around the world on whether or not, and, if so, how best to configure an L1 modernized signal.
Table 4.2 summarizes these technical presentations and shows whether a response was received
or not. Both the number (54) and the percent of questionnaire responses to the presentations was
very high, although some invitations to receive a presentation were not accepted. The individual
questionnaire responses (Attachment 7.0) are worth reviewing.

Table 4.2 -Technical Presentations and Responses

Date Location Type Group & Contact Person Resp.
09/08/03 |Portland, OR Personal |[CGSIC Y
09/10/03 |Portland, OR Personal [NAVCEN Booth at ION Y
09/11/03 |Portland, OR Personal INAVCEN Booth at ION Y
09/12/03 |Portland, OR Personal INAVCEN Booth at ION Y
10/20/03 |Pasadena, CA Personal |JPL Y
12/15/03 |Washington, DC Personal |US GPS Industry Council N
12/15/03 |Washington, DC Personal INASA N
12/16/03 |Washington, DC Personal INGS/NOAA (Milbert) Y
12/19/03 |Virginia (2) & California WEB |U.S. Coast Guard Y
12/23/03 |Moscow, Russia WEB [Thales (Lyusin) Y
01/23/04 |Tokyo, Japan Personal |Japan GPS Council Members Y
02/06/04 |New Brunswick, CA WEB |University of New Brunswick (Langley) Y
02/10/04 |Clifton, NJ WEB |ITT Aerospace Communications Y
02/11/04 |Sydney, Australia WEB |University of New South Wales (Rizos) Y
02/12/04 |Dallas, Texas WEB |NavWard (Ward) Y
02/27/04 |Calgary, Canada WEB |University of Calgary (Lachapelle) Y
02/27/04 |Stanford, CA WEB [Stanford University (Enge) Y
02/27/04 |Sunnyvale, CA WEB |Trimble Navigation Y
03/03/04 |Bern, Switzerland Personal |Talk & Poster Presentation at IGS Mtg. N
03/04/04 |Bern, Switzerland Personal |Poster Presentation at IGS Meeting N
03/10/04 |Arlington, VA Personal |Talk at CGSIC Meeting N
03/22/04 |Olathe, KS WEB [Garmin (Pemble, Kao) Y
03/31/04 |Calgary, CA, Heerbrugg, CH WEB [NovAtel (Fenton) & Leica (Euler) Y
04/08/04 |Newport Beach, CA WEB [RFMD (Warloe, Keegan) Y
04/09/04 |San Jose, CA (+ 2 other sites) WEB |SiRF (Garin) Y
04/12/04 |Cedar Rapids, IA WEB |Rockwell Collins (McGraw) Y
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04/22/04 |ElI Segundo, CA Personal |Southern California ION Section Meeting| N
04/28/04 |Monterey, CA Personal |PLANS Conference Y
05/14/04 |Columbus, OH WEB [Ohio State University (Brzezinska) Y
06/29/04 |Campbell, CA WEB |Qualcomm (Krasner) Y
06/29/04 |Lexington, MA WEB |MIT Lincoln Laboratory Y
07/02/04 |Frederick, MD WEB [AOPA Y
07/09/04 |Athens, OH WEB |Ohio University (Braasch) Y

Almost immediately after the L1C project was approved there were important opportunities to
begin technical outreach. Therefore, a technical presentation and a questionnaire (Attachments
1.0 and 1.1) were prepared quickly and taken to the September 2003 CGSIC and ION GPS
meetings in Portland, Oregon. Dr. Ken Hudnut participated on a CGSIC GPS Modernization
panel and gave the L1C presentation on September 8. During the ION meeting the presentation
was continuously shown at the NAVCEN exhibit booth, a stack of questionnaires was available,
and Tom Stansell was present to answer questions.

The initial questionnaire was intended to be self-explanatory, showing the presentation material
in the left column and questions on the right. These early efforts resulted in a gratifying number
of useful responses. The same questionnaire also was used in a technical discussion at the Jet
Propulsion Laboratory on October 20, 2003.

By December of 2003 the issues were in better focus and both a new presentation and a
simplified questionnaire were created. Minor improvements were made to these documents in
the months to follow. The final version of the presentation, with a written explanation for each
chart, and the final questionnaire are included as Attachments 6.0 and 6.1. Reading this material
will help you interpret the individual questionnaire responses included as Attachment 7.0 and
evaluated below.

Table 4.2, above, lists the date of each presentation or other outreach effort, the audience, and
whether or not there was a response. It is always difficult to obtain meaningful feedback from a
questionnaire, but we are pleased with both the quantity and the quality of responses received.

It should be noted that although many of the presentations were made in person by one of the
team members, a large number were presented remotely over the Internet. Some of these were to
several sites simultaneously. Each site projected a web browser page on a conference room
screen. The presenter controlled which slide was being shown, could move a pointer on the
screen, and verbally communicated by speakerphone. For example, on December 19, 2003, a
presentation was made simultaneously to U.S. Coast Guard facilities at Alexandria, VA,
Portsmouth, VA, and Petaluma, CA. Using the web permitted worldwide participation,
including presentations in Australia, Canada, Russia, and Switzerland.

The technical presentations were intended for GPS experts who could provide guidance in what
signal characteristics would most benefit their constituents. This included Government agencies
and laboratories, GPS companies, and University professors and graduate students. These
experts provided valuable feedback from most GPS application perspectives, including land, sea,
air, and space, and with requirements ranging from the highest possible precision to the lowest
possible cost.
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4.4 User Group Interviews

As described in Section 4.1, the third activity was to conduct interviews with user groups in
order to gain non-technical feedback on L1C design considerations. Making use of the User
Group Guidelines (Attachment 8.1), members of the L1C Project team were asked to identify
users and speak with them about the project. Furthermore, additional information was gleaned
from reports that had been developed previously for related purposes. The interviews were
intended to evoke responses that might either confirm or refute previously understood user
interests in the range of possible capabilities of L1C, depending on which signal design
parameter is used. For example, users who would benefit most from a low data rate would be
those wishing to have better performance in wooded, urban, or even indoor environments. The
interviews also were used to capture new considerations about ways in which L1C could better
meet the navigation requirements of user groups.

5.0 Expert Interview Results and Analysis

5.1  Technical Feasibility Results

Section 4.2 is a review of the process used to determine whether an additional signal could be
added to the already-planned suite of L1 signals. The challenge was not simply to add a new
signal but at the same time to maintain a constant total signal amplitude. This is needed to
maximize satellite power efficiency. Also, it is important to be able to adjust the relative power
level of each signal component (flex power). Several ways were found to achieve these
objectives, so the question of technical feasibility was answered in the affirmative.

Another aspect of the study was to evaluate the compatibility of L1C with the existing C/A
signal, with the military M code signal, and with potential Galileo signals. Every signal in the
L1 band interferes to some degree with all the others. Current civil users do not want L1C to
adversely affect performance by significantly raising the noise floor of C/A receivers. National
security interests require sufficient spectral separation of L1C from the M code signal, and it also
limits the total power of both L1 civil signals combined. As with C/A signals, L1C signals
interfere with each other. Therefore, it is important to set power levels with all these parameters
in mind. The technical meeting confirmed ways to evaluate these factors and made preliminary
assessments. Figure 5.1 illustrates that spectral separation of signals in the L1 band was a very
important consideration. Figure 5.2 illustrates that an important part of the analysis was to
consider signal “hot spots”, i.e., places on earth where the total power received from all satellites
in view reaches a maximum during some part of the day. These are areas where interference
between signals is at its worst during part of each day. These calculations not only depend on
the satellite orbits but, importantly, they depend on assumptions about the gain of receiver
antennas.
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Fig. 5.3 — Power Allocation Presentation Slide 15 (Attachment 6.0)

As a result of these efforts, decisions were reached about which signals and what power levels
would best fit the constraints. A summary of these results was presented soon afterwards by
Hudnut and Titus, at the invitation of the GPS Systems Engineering Forum (GSEF), at their
meeting on October 28-29, 2003 (see Attachment 2.0). Also, Figure 5.3 was developed and has
been a key part of the presentation to GPS experts (Slide 15 of Attachment 6.0).

The following paragraphs are a brief summary of the October 8-9, 2003 meeting and its key
decisions.

An initial classified session, led by Titus and including nearly all of the participants in the
following main meeting, identified the power level and signal modulation options considered
acceptable to the U.S. Government. A range of several possible signal modulations was
reviewed, and trade-offs were carefully considered. The BOC(1,1) signal modulation arose as
being both acceptable and also preferred by most participants as the best overall solution. Signal
aggregate power was discussed and reviewed. The evaluation approach and algorithms which
had been used by Titus and Betz during negotiations with the EU Galileo team were applied to
this analysis as well. It was agreed that L1C would carry at least the same messages that will be
carried by L2C and L5.

Discussion of signal structure and modulation options, as well as multiplexing and coding
techniques, led to the conclusion that design and implementation of L1C is feasible. Partly
because of the 1.5 dB increase in specified minimum C/A signal power, L1C can be added
without negative impact on C/A receivers. It was decided that the C/A signal will be continued
indefinitely. The promise of a data-less channel and increased power, as well as enhanced GNSS
interoperability, were agreed to be main user benefits from a technical standpoint.
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It was agreed that user feedback, primarily from technical experts throughout the GPS
manufacturing and international community, would be gathered as a next step. Now that a
limited and concrete number of questions could be asked, this greatly simplified the
questionnaire. That is, the form distributed after our initial presentation (Attachment 1.1) asked
for user feedback on a wider range of issues, some of which were decided on at our technical
meeting. Following that, we were able to identify just those key few questions upon which user
feedback would be most critical to L1C design. So, the interview process was modified and a
new questionnaire developed to accompany the technical interview process from this point
forward. The new technical presentation (annotated slide set in Attachment 6.0) and
questionnaire (Attachment 6.1) became highly effective tools for gaining technical stakeholder
input on those questions where a range of options remained open.

After the technical sessions were completed, the meeting participants then discussed and agreed
to help with a process of eliciting stakeholder feedback using an approach suggested by Joe
Dorfler. The approach is based on his prior experience with similar efforts determining user
requirements for WAAS and GPS III. The approach is to gain input from non-technical GPS
users, and the results have been developed into the material described in Section 4.4.

5.2 Expert Interview Results
